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Double Morse Wave Packet AnalysisOverview
• Roaming is a reaction mechanism that bypasses the nominal transition 
state (TS) of a reaction.3
• A reacting complex breaks up into two radical fragments which orbit 
each other at long distance, until recombining to react.
• Roaming dynamics occur on the flat part of the potential energy surface 
(PES), where forces are weak.
• Roaming is well studied via classical molecular dynamics, but much less 
work has been done on quantum roaming.3
Double Morse Model
Figure 5: The fourier transform  of the wave packet autocorrelation function for the same packet on each double Morse model is 
shown.  The !E*!E for several isolated resonances from the the wave packet are shown.
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Dynamics Analysis
Conclusions
• Work on DMPES is ongoing.  A candidate roaming state has been found for 
symmetric potential (DMPES) similar to Type 2 PO in Fig. 6. We hope find 
quantum scarring from Type 1 PO.
• Asymmetry in the DMPES has significant affect on the isolated resonances 
(more localized on the broader well).
• Ion-molecule model shows classical/quantum correspondence, with 
several roaming resonance states found near the dissociation threshold.
• Candidate roaming resonances resemble conduits between wells through 
the roaming region.
• Classical analysis including periodic orbit analysis on asymmetric 
DMPES parameters is of interest.
• Characterize DMPES parameters that accentuate/suppress roaming 
dynamics (roaming is minor in the symmetric DMPES used1).
• Apply quantum analyses to a 2d model formaldehyde model2.
• Further explore quantum roaming dynamics to identify possible 
quantum roaming signatures in experiment.
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Figure 6: The three types of unstable periodic orbit (PO) on the potential that govern the classical roaming dynamics on DMPES2.  
This study is an attempt to isolate scarring that looks like Type 1 or Type 2 POs. Taken directly from Ref. [1].
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Figure 1: An example roaming reaction of acetaldehyde forming CO2 and CH4.  
This reaction can occur via a direct path or via roaming.4
Figure 2: An example roaming trajectory (blue) 
shown on the double morse potential.  The 
dynamics occurs on the flat part of the PES.1
Figure 3: In (a), the double Morse (DMPES) is analogous to an 
atom orbiting a diatom at fixed bond length.  In (b) DMPES1, b=3, 
a1=1.75, c2=1.  In (c), DMPES2, b=5, a1=1, c2=1.  In (d), DMPES3, 
b=5, a1=1, c2=0.25. For all,  De=100, k=200, a2=1, c1=1.
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• Roaming in double Morse (DMPES) 
model studied classically in Ref. [1].
• DMPES is cirque-type & has no 
roaming saddle.
• DM model exhibits chaotic 
scattering behavior above 
dissociation threshold, De=100.
• Quantum dynamics analysis 
performed on DMPES.
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• Propagated Gaussian wave packets on 
various DMPES parameterizations.
• Spectral isolation used to isolate possible 
roaming resonances/scarring above 
dissociation energy, De.
Figure 4: An example Gaussian wave packet propagated on 
DMPES2.  The same packet is used throughout this poster, 
though others were performed.  Snapshots of "*" over time.  A 
complex absorbing potential is used at the boundaries.
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• Isolated resonances from wave packets highly varied with the shape 
and symmetry of the model.
• For DMPES2, resonances obtained resembled the Type 2 PO in Fig. 6.
• For DMPES3, low energy resonances near threshold more localized in 
the broader well.  Similar to asymmetric Type 3 PO in Fig. 6.
/ Å
Figure 7: A 2d model potential for an ion-molecule reaction is shown.  Physical 
meaning of the coordinates is inset.  A roaming reaction path is shown in pink, 
and a direct reaction path is shown in grey.
• Ion-molecule interactions 
can exhibit roaming.
• Model developed for 
CH4++H reaction, J=0.
• Classical dynamics are 
studied by Mauguière et al.2
• We used direct complex
diagonalization of Hamiltonian 
matrix & wave packet analysis 
to find the resonance spectrum.
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134112-4 Mauguière et al. J. Chem. Phys. 140, 134112 (2014)
FIG. 1. (a) Contour plot of the PES for α = 1 with representative POs. (b) Continuation/bifurcation diagram of families of periodic orbits for α = 1.
In the remainder of this article, we show that, by adopting
a phase space perspective and employing the appropriate tran-
sition states defined in phase space, not only is the dynamical
meaning of the roaming mechanism revealed but, most im-
portantly, this dynamics is shown to be intimately associated
with the generic behavior of nonlinear dynamical systems in
parameter space, where bifurcations and resonances may oc-
cur and qualitatively different dynamics (reaction pathways)
are born.
B. Transition states, dividing surfaces,
and statistical assumptions
TST is based on certain fundamental assumptions.4, 5, 23
Once these are accepted (or tested for the problem consid-
ered), TST provides a powerful and very simple tool for
computing the rate constant of a given reaction. One of the
assumptions is the existence of a DS having the property that
classical trajectories originating in reactants (resp. products)
cross this surface only once in proceeding to products (resp.
reactants). Such a DS therefore separates the phase space
into two distinct regions, reactants, and products, and there-
fore constitutes the boundary between them. The definition
of the DS given above is fundamentally dynamical in nature
(the local non-recrossing condition). The DS is in general a
surface in the phase space of the system under considera-
tion. Computing, or locating, a phase space surface (hyper-
surface/volume) that realises the first assumption of TST is in
general not an easy task as one has to find a codimension one
hypersurface in a 2n-dimensional space for an n DoF system.
As discussed below, the NHIM approach to TST provides a
solution to this problem.
A comment on nomenclature: The term “transition state”
is sometimes used to designate a saddle point of the system
FIG. 2. (a) Contour plot of the PES for α = 4 with representative POs. (b) Continuation/bifurcation diagram of families of periodic orbits for α = 4.
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Figure 8: In (a), example peri dic orbits that govern roaming (OTS & TTS), and rotating 
POs (FR), t k  d rectly from Ref. 2.  In (b), (c), and (f), resonances resembling FR POs 
and roaming dynamics.  In (d) and (e), resonances that correspond to long range orbiting 
(resemble OTS PO).  The zero of energy is the dissociation threshold.
• Candidate roaming 
resonances apparent 
in the ion-molecule 
model.
• Roaming 
resonances 
resemble “free 
rotor” POs that give 
rise to classical 
roaming. 
• Resonances couple
dissociation of 
reactant to roaming 
motion/rotation.
• Quantum roaming resonances form roaming 
conduits that transfer reacting complex 
between wells.
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